The free intracellular Ca 2 + concentration of perfused rat hearts was measured using Ca 2 +-selective microelectrodes. In Krebs-Ringer bicarbonate buffer + 0.1 mmol/1 Ca 2 + (controls) the intracellular Ca 2+ concentration was 0.87 + 0.07 μηιοΐ/ΐ and the membrane poteiitial was -51.5 ± 0.3 mV. Without glucose the membrane potential approached zero after ca. 60min, whereas the Ca 2+ concentration during 110min increased only slowly to 10.0 μηιοΐ/ΐ. During Ca 2+ -free perfusion (5 min) both parameters did not change significantly. With reintroduction of 2.0 mmol/1 Ca 2+ the membrane potential rapidly collapsed and the intracellular Ca 
The results are consistent with the postulate of a hypothetical mechanism of cell injury, in which noxious membrane-cytoskeleton interactions are induced by an elevated intracellular Ca 2+ concentration. It is concluded that Ca 2 + entry via Na/Ca exchange is not fundamentally involved with induction of injury.
Die freie intrazellul re Ca 2+^K onzentration im Verlauf des Ca 2^-Paradox und bei Vergiftung Messungen mit C 2 +-selektiven Mikroelektroden am perfundierten Rattenherzen
Zusammenfassung: Mit Hilfe Ca 
Introduction
Recent research on the structure of skeletal and cardiac muscle cells has revealed that the sarcoplasm of adult muscle fibres contains besides the known actomyosin filaments additional filament lattices, which constitute a cytoskeletal matrix ensuring structural continuity in striated muscle (l, 2) . Especially the intermediate filament lattice is believed to represent myofibril-sarcolemma transverse connection, and at the level of Z-and M-lines it may be connected to the sarcolemma by special insertion sites (3 -5) .
In previous investigations (6, 7) we have presented evidence that injury of both skeletal and cardiac muscle of the rat may be caused by noxious reactions of a membrane-anchored cytoskeleton which are triggered by an unphysiologically high Ca 2 + concentration of the sarcosol. Under appropriate conditions a membrane blebbing process is induced by pressure gradients that arise transiently across the sarcolemma, whereby cytosolic constituents are squeezed out through the ruptured membranes of the blebs.
Our aims were to measure the intracellular free Ca 2+ concentration of myocardial cells with Ca
2+
-selective microelectrodes to prove the postulate of the above membrane blebbing hypothesis, i. e. that the induction of deleterious cytoskeletal reactions is triggered by a strongly increased Ca 2+ concentration of the sarcosol. In analogy to the previous enzyme release experiments (7) , the perfused rat heart was employed äs an experimental model. Cell injury was brought about by the perfusion conditions of the Ca 2+ paradox and by poisoning free energy production of myocardial cells. The results show that the intracellular Ca 2+ concentration under all conditions was elevated at an early stage, and so confirm the postulated Ca 2 + increase of the sarcosol äs a necessary prerequisite for induction of membrane damage and enzyme release.
Materials and Methods

Langendorff perfusion
Isolated hearts from male rats (HAN-WISTAR) were perfused (Langendorff perfusion) äs described elsewhere (7) . The perfusion rate was 6 ml/min and the perfusion pressure of beating hearts reached 8kPa. For microelectrode measurements the hearts were mounted on a stainless steel holding device whithin a perspex perfusion chamber. Generally, isolated myocards were first perfused with -selective liquid membrane microelectrodes were constructed according to the methöd of Oehme (8) and of Ammann et al. (9) .
Micropipettes were pulled from double-barrelled borosilicate tubing of ca 0.3 cm diameter (Fa. JÜRGENS, Hannover). First the reference barrel was filled from the back with 163.0 mmol/1 KC1 and then the other in the same manner with 10.0 mmol/1 CaCl 2 . The Ca 2+ channel was siliconized by repeatedly sucking up a solution of dimethyldichlorosilane (5vol% in carbon tetrachloride) through the open tip of the pipette. To avoid siliconization of the inner surface of the reference channel, this barrel was continually gassed with N 2 at 400 kPa. After bathing the tip in 163.0 mmol/1 KC1 and bidistilled wäter, the sensor (in vol%: 10.0 Ca 2+ ionophor 1001; 1.0 sodium tetraphenyl-borate; 89.0 o-nitro-phenyl-octyl-ether; Fluka) was introduced by suction. The Chloride Solutions of the two barreis were then electrically connected by chlorided silver wires (silversilver Chloride electrodes). The wires were fixed to the noninverting pins of high impedance preamplifiers, whieh were connected to a differential amplifier with a digital Voltmeter and a 2-channel recorder (for detailed description of electronic assembly see 1. c. (10) The free C 2+ concentration was calculated by a modification of the α-coefficient method of Schwarzenbach (13) .
concentration of complex concentration of metal ion concentration of all ligand species but without ML concentration of all metal ion species but without ML thermodynamic stability constant mixed stability constant + iQig a -3p
analytical concentration of metal ion analytical concentration of ligand Computations were made with a microcomputer. The calculated value for [M] is related to the Ca 2+ concentration rather then activity, because "mixed contants" were used. In practice, about 80 ml of calibration solution (20 °C) were titrated from pH = 3.9 to pH = 8.5 with ca 0.1 ml 5.0 mol/1 KOH and back with HC1. The pH of the solution was monitored by a H + -selective glass electrode, the Ca 2+ activity associated potential was measured by the microelectrode (mV). To earth the solution and to control the reference channel of the microelectrode, this channel was electrically connected with the reference of the glass electrode. The same circuit was also used for intracellular recordings. Under these conditions the voltage change between the "outer" and "inner" references represented the membrane potential at the myocardial cell membrane. For pCa = 4 to pCa = 2 (pCa = Mog 10 Each microelectrode was calibrated before and after an experiment. U.sually small deviations between calibration curves could be detected. Data were evaluated by using the second calibration curve.
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Results
Control experiments
To avoid myocardial contraction, rat hearts were perfused with Krebs-Ringer bicarbonate buffer of only 0.1 mmol/1 Ca 2 +. Figure beat again even after two hours of perfusion when Ca 2+ was increased to l .0 mmol/1. In the absence of extracellular glucose the membrane potential increased after 20 min and was collapsed after about 60 min. The intracellular Ca 2+ concentration continuously increased during 110 min from 1.0 to about 10.0 μιηοΐ/ΐ (flg. 3). These hearts were unable to recover after two hours when the normal concentration of Ca 2+ was restored. (7) were unsuitable for parallel microelectrode measurements.
Poisoning by uncoupler
Proton carriers, like the classical uncoupler 2,4-dinitrophenol or the more potent carbonyl-cyanide-/?-trifluoromethoxyphenylhydrazone, are widely used to dissipate the electrochemical potential difference of protons across the inner membrane of mitochondria, and thus to suppress the energy metabolism of the cell. These chemicals, however, are of limited value for studies with liquid membrane electrodes, because the uncoupler may impair the electrode signal by interaction with the sensor phase. Therefore, to suppress "electrode poisoning", uncoupler-treated myocards were subsequently perfused with unpoisoned medium to wash out the uncoupler from the aqueous phase.
To prove the postulated intracellular Ca 2 + increase under the conditions of poisoning by uncoupler but in the "absence" of extracellular Ca 2+ , rat hearts were perfused with Ca 2+ -free Krebs-Ringer bicarbonate buffer + l .0 μιηοΐ/ΐ uncoupler. In a previous publication (7) we demonstrated that, despite 2,4-dinitrophenol poisoning, enzyme release from perfused myocards is strongly suppressed, provided cell swelling is hindered by perfusing with Ca 2+ -containing sucrose media. We suggested an increase ο- + and myocardial cell injury of the intracellular Ca 2 + concentration and postulated that an elevated Ca 2+ alone is not sufficient to induce cell injury. An additional cell swelling could rapidly produce a drastic enzyme release under these conditions (7) . To prove the above assumption of an increased intracellular free Ca 2 + concentration, by analogy to enzyme release experiments, rat hearts were perfused with antimycin A-poisoned sucrose solution containing 3.5 mmol/1 Ca 2 +. In the presence of this relatively high extracellular Ca 2+ concentration the sarcolemma maintained a low permeability, so that swelling by sucrose and water entry could not occur. Because of the absence of extracellular K + the membrane potential was strongly hyperpolarised to about -100 mV at the beginning of perfusion (not shown). Under the latter three conditions of poisoning drastic cell damage was not observed, although the hearts were strongly contracted.
Discussion
Control experiments
Measurements of the intracellular Ca 2 + concentration and the membrane potential were carried out using double-barrelled neutral carrier-based liquid membrane microelectrodes. Control values of both Parameters were obtained from 'non^contracting hearts at 0.1 mmol/1 extracellular Ca 2+ . Comparing figures l and 2 it is evident that a prolonged impalement of a single myocyte could seriously affect both the membrane potential and intracellular Ca 2+ conĉ entration. Obviously, insertion of the electrode tip into the cell caused an increase of ionic leaks, which ultimately miist be compensated by the energy metabolism of the cell. During short impalements (2 min) this compensation seems to be sufficiently maintained. During our control conditions at 0. (14) demonstrated with isolated myocardial cells that a high extracellular Ca 2+ concentration (5.5-13.5 mmol/1) was necessary to obtain a more negative resting potential and low input resistance. Philipson et al. (15) showed that the Na/Ca exchange process of sarcolemmal vesicles could be activated by an increase and partially inactivated by a decrease of phospholipid-bound Ca 2 +. These latter observations may explain the relatively high intracellular Ca 2+ concentration of our controls, since a low extracellular Ca 2+ concentration would also lower the amount of bound Ca 2+ of the bilayer outer surface and, theref re, could inactivate the Na/Ca exchange process. Ca 2 + leaks into the sarcosol must then be extruded solely by Ca 2 + pumps of the sarcoplasmatic reticulum and the sarcolemma.
Glucose withdrawal
When glucose was present, the intracellular Ca 2 + concentration remained unchanged and the membrane potential increased only slowly ( fig. 2) . Without added glucose, however, an early increase of the memb rane potential was observed ( fig. 3) The second volume of this series, Immunoassay Technology, contains several artiOles which it is hoped readers will find äs interesting, useful and thought-provoking äs thöse presented in the previous volume, in particular to recent entrants in this field, conditions during acute ischaemia of guinea pig hearts an increase of membr ne potential was shown to be paralleled by a K+ efflux (16, 17) . K+ release from rabbit septum during anoxia was also demonstrated (18) . Jennings et al. (19) with the ischaemic dog heart showed that ATP was less than 0.4 μιηοΐ/g wet weight after 40 and 90 min of ischaemia in vivo and in vitro, respectively. A coinciding efflux of K+, lactate and inorganic phosphate was found by Mathur & Case (20) . At a given resting potential this massive K + efflux can only be achieved by a Charge compensating influx of cations or efflux of anions s discussed by Kleber (17) . It is suggested therefore that the initial membr ne depolarisation under the conditions of figure 3 was brought about by an electrogenic anion efflux (perhaps phosphate) at decreasing ATP levels of the sarcoplasm. The corresponding K + distribution over the cell membr ne may be ensured by an equivalent K + release. Later, when the ATP levels of the sarcosol are extremely low, Na+ may be taken up by the cell from the extracellular space. Compared with poisoned conditions, the intracellular Ca 2+ concentration increased relative slowly and did not exceed 10.0 |imol/l during 110 min, although the ATP concentration may have been decreased below 0.4 μιηοΐ/g wet weight (19) after about 60 min when the membr ne potential approached zero ( fig. 3) . Supposedly, in the presence of oxygen and phosphate, mitochondria, even with a very low supply of substrate, may accumulate Ca 2 +, especialjy at a Ca 2+ concentration > 1.0 μπιοΙ/1. Ca 2+ efflux via the Na/Ca exchange carrier may also contribute to the lowering of sarcosolic Ca 2+ , provided the ratio of electrochemical potential differences of C 2+ and Na+ remains below the coupling ratio, fica/ p-Na < n (21). This in turn would activate the Na/K pumps by depolarizing the membr ne potential (22 (25) have demonstrated that ventricular muscle cells have an unspecifically elevated permeability to small ions and molecules at low extracellular Ca 2+ . Under these conditions we observed pronounced myocardial swelling in isotonic sucrose jnedia (7) . It may be concluded, therefore, that Ca 2+ ions at the onset of reperfusion enter the sarcoplasm through unspecific leaks in the sarcolemma, and that reintroduced Ca 2+ penetrates these leaks more rapidly than it can restore low permeability. An unspecific increase of permeability of the phospholipid bilayer at a low Ca 2+ concentration, h wever, seems unlikely; on the contrary, bilayers of acidic phospholipids become leaky at high Ca 2 + concentrations in the presence of phosphate by changing the bilayer configuration (26 -28) . In our opinion, the opening of cell-to-cell channels to the interstitial space at a low extracellular Ca 2 + concentration (23, 29) Enzyme release during the Ca 2+ paradox in trisbuffered sucrose media (pre-and reperfusion) is even more pronounced (7) . Under these conditions of a reversed Na+ electrochemical potential difference (no extracellular Na+) an additional Ca 2+ influx via Na/ Ca exchange carrier with reperfusion is energetically favourable. Backflux of positive charges across the leaky membrane is then possible.
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In a preceding paper we postulated (7) (32) have presented evidence, however, that the Na/Ca exchange System of heart sarcolemma is regulated by Ca 2+ -and calmodulin-dependent phosphorylation and dephosphorylation. At a Ca 2+ concentration of 3.0 μιηοΐ/ΐ the dephosphorylation Step becomes privileged and leads to an inactivation of the exchange process. Under our conditions of poisoning at drastically decreased ATP and increased Ca 2+ concentrations, the Na/Ca exchange carrier may therefore be fully inactivated, so that a decrease of intracellular Ca 2+ by this transport reaction is rather unlikely. In addition to this intracellular Inhibition, the Na/Ca exchange process may be inhibited extracellularly by decreased sarcolemmal Ca 2 + binding (15) .
With regard to the perfusion conditions of figure 8 , Ca 2 + entry via Na/Ca exchange may be inhibited in the same way at low ATP levels. A further Inhibition of exchange transport by acidification of the sarcoplasm, resulting from inactivation of Na/H exchange (33), must be considered at a very low extracellular Na + concentration (34, 35) . Therefore, also during perfusion with Ca 2+ -and antimycin A-containing sucrose media, the Ca 2 + increase of the sarcosol, at least during the first 10 min of a ih'aintained membrane potential, was caused by Ca 2+ efflux from the sarcoplasmatic reticulum. At a later stage, it seems reasonable to suppose that inward transport of Ca 2 + occurs through voltage-dependent Ca 2+ channels.
Conclusions
Measurements of the free Ca 2 + concentration of the sarcosol have revealed that not only during the Ca 2 + paradox, but also during cell poisoning in the nominal absence of extracellular Ca 2+ , the intracellular Ca 2 " 1 " concentration is strongly elevated. These results confinn the postulate of our membrane blebbing hypothesis, i. e. that a dr stically increased intracellular Ca 2+ concentration is a prereq isite for induction of cell injury with a concomitant enzyme release. At an elevated Ca 2+ concentration either additional ATP or swelling is needed to induce membrane blebbing through the reactions of the membrane-anchored cytoskeleton. An increased sarcosolic Ca 2+ concentra* tion per se is not sufficient to produce severe membrane deterioration.
Concerning the ischaemic or anoxic myocard, at a strongly reduced ATP concentration an uncompensated Ca 2+ efflux from the sarcoplasmatic reticulum must increase the free Ca 2 + concentration of the sarcosol. If the Ca 2 + concentration exceeds 10.0 μιηοΐ/l an additional cell swelling may initiate a passive membrane blebbing. If reperfusion or reoxygenation is restored, oxidative phosphorylation by mitochondria rapidly increases the ATP concentration, and in the presence of a high Ca 2+ concentration an active membrane blebbing can be induced. Additional Ca 2+ from the extracellular space can then enter the cell through membrane lesions and together with phosphate is massively accumulated by mitochondria. Ca 2 + entry via the Na/Ca exchange carrier is not thought to be fundamentally involved with induction of injury of the ischaemic or anoxic myocard.
